The tensile properties of prestressed fabric-reinforced composites have been investigated. A method of applying an equibiaxially fabric prestressing prior to and during the curing process of a plain-weave fabric composite was performed. A novel fibre prestressing equipment was built to apply and measure the tension load in the principal yarn directions of a fabric. The equi-biaxial fabric prestressing level, ranged from zero to 100 MPa, was used. Tensile tests were performed for the batches with different fabric prestressing levels to estimate the optimum level that gives the maximum tensile performance. The samples were also tested at different orientation angles, precisely from warp to bias direction. Prestressing the fabric enhanced the tensile performance such as elastic modulus and critical stress to first fracture of the composite by 10-20%. Most tensile properties, for instance tensile modulus and critical stress, reached their ultimate values at 50 MPa of prestressing level; however, the tensile-limited toughness was maximum at a level of fabric prestressing of $75 MPa.
Introduction
Polymer-matrix composites (PMCs) are widely used, especially in aerostructures, automotive, and marine industries, due to their relatively higher strength and stiffness-to-weight ratios. [1] [2] [3] Recently, the fabrication of woven fabric composites has been used more widely than unidirectional reinforcements due to the relatively lower cost and better mechanical performance. [4] [5] [6] In addition, woven fabric composites have better resistance to crack propagation due to the presence of interlacing tows. 7 In the last few decades, the developments in the manufacturing process of PMCs have been increasing to keep up with the rising requirements of modern structures. 8 As it is well-known, improving composite material performance is usually accompanied with increasing its production cost. Because the constituent materials and their fabrication share the total production cost of composites, 9 focusing on improving the manufacturing method is still reasonable and effective.
One important factor that is responsible for the decline in the structural properties of PMCs, immediately after they have been cured, is the formation of residual stresses during the manufacturing process. 10, 11 Several techniques have been used to reduce the formation and development of these stresses such as optimisation of dwell temperature cycle, [12] [13] [14] performing electron beam curing, 15, 16 using expanding monomers, 17, 18 adding shape memory alloy, [19] [20] [21] and using fibre prestressing prior to the matrix cure. [22] [23] [24] [25] [26] [27] [28] [29] Fibre prestressing has been proposed as a comparatively low-cost method to improve the structural performance of continuous PMCs by reducing the residual stresses within the matrix. 30, 31 The main sources of existing residual stresses in composites are (i) a mismatch in the thermal expansion coefficients of the constituents and (ii) matrix shrinkage due to phase change. 11, 32 Previous studies, which are related to the composite reinforced by prestressed unidirectional fibres, indicated an increase in the tensile strength and elastic modulus of the composites. This enhancement, using an elastically or viscoelastically prestressing mechanism, has been mainly attributed to the formation of compressive stresses within the matrix. 22, 24, 33, 34 The final state of stresses within the matrix of a prestressed sample is either compressive or at a lower level of tension in comparison with unprestressed counterparts. This state of stresses may improve composite performance by (i) obstructing crack propagation in the matrix, (ii) decreasing the net tensile strain resulting from external tensile load, and (iii) mitigating fibre misalignment (waviness).
Jorge et al. 35 mentioned an increase in the tensile strength and modulus of the unidirectional E-glass/ polyester composite with increasing fibre pretension; however, this improvement reached its maximum value at a certain level of fibre pretension and then has decreased steadily with further increase in pretension level. Sui et al. 36 used the fibre pretension method to improve the tensile properties of the unidirectional polyvinyl alcohol fibre/epoxy layer hybrid by aluminum sheets. The improvements in the yield strength, elastic modulus, and ultimate tensile strength were $37%, $6%, and $15%, respectively. Zhao and Cameron 37 indicated a maximum increase of $19% in the tensile strength of the unidirectional glass fibre/polypropylene composite at a prestressing level of $87 MPa. Hadi and Ashton 38 studied the effect of fibre volume ratio of the unidirectional E-glass/epoxy composites on the longitudinal prestrain induced within the matrix after fibre prestressing had released. The tensile strength of the prestressed composite has declined as the fibre prestressing increased, and this trend could be continued until reaching a prestressing level of $100 MPa. According to the analytical study achieved by Dvorak and Suvorov, 39 the failure map of a laminated composite, made from S-glass/epoxy, could be improved by applying fibre prestressing within the selected plies. They reported the improvement in the failure could be related directly to the reduction in the thermal residual stresses developed during the manufacturing process of composites. Krishnamurthy 22 reported an increase in the resistance to the onset of damage in the unidirectional E-glass/epoxy laminated composite up to a level of fibre prestressing equal to 108 MPa, while the elastic modulus and tensile strength were independent of the prestressing level. Bekampiene et al. 34 used two types of fabric-cotton and woven Eglass with polyester resin to fabricate their prestressed composite samples. The pretension was applied to the fabric using two types of shaped moulds, such as hemispherical and frustum cone. By pressing the shaped mould onto a fabric, a uniform pretension was induced in both warp and weft directions. The composite tensile strength was increased by $12% in warp direction, $58% in weft direction, and $39% in bias direction for cotton/polyester specimen, whereas the increase was noted only in the bias direction of $135% for glass/ polyester specimen. Potluri and Thammandra 40 studied numerically the effect of uniaxially and equi-biaxially pretensioned fabric on the mechanical properties of a plain-weave E-glass/polyester composite system. Their study was focused on the effect of fibre preloading on the fabric crimp. Three cases of fabric conditions were performed such as unloaded yarns, uniaxially loaded yarns, and biaxially loaded yarns. The pretension loading was 20 N per yarn. Although their work was performed only on the tows, i.e. the matrix pockets were removed from the analysis, the tensile modulus was changed considerably. The increase in the equi-biaxially loaded samples was $19% in comparison to unloaded fabric. However, samples loaded uniaxially in the weft direction exhibited a considerable decrease, $77%, in the tensile modulus tested at warp direction. Pang and Fancey 33 used the viscoelastic characteristics of unidirectional nylon 6,6 yarns to induce a prestressing effect within the epoxy matrix. Tensile strength, modulus, and energy absorbed (up to 25% strain) were increased, compared with unstressed counterparts, by more than $15%, $30%, and $40%, respectively. Subsequently, strain to failure and the energy absorbed until a fracture were decreased by 10-20% and $10%, respectively. Zaidi et al. 24 used the method of fibre prestressing to fabricate their composite samples. The natural fibre, specifically flax spun, and unsaturated polyester resin were chosen to manufacture the composite samples. The tensile prestrain, ranging from 0 to 3%, were applied to the unidirectional yarns during matrix curing. The increase in the composite tensile strength and tensile modulus of prestressed samples at a 3% applied strain relative to unprestressed counterparts were $15% and $36%, respectively. This increase was attributed to the improvement in fibre straightness, the increase in the packing density of fibres within the yarn, and the increase in the level of compressive residual stresses that were generated due to releasing the fibre prestressing after matrix curing. Very few studies related to the effect of equi-biaxially fabric prestressing on the tensile performance have been published. 28, 29, 34, 41 However, it is very significant to investigate the effect of the equi-biaxial prestressing of woven fabric-reinforced composites to clarify its advantage on the tensile performance of the composites.
The objective of this work is to investigate the effect of the equi-biaxially fabric prestressing of PMCs fabricated from plain-weave E-glass fabric/polyester materials on its tensile performance. Different levels of equi-biaxial fabric prestressing, particularly from zero to 100 MPa, were applied to indicate the optimum prestressing level that gives the maximum increase in the tensile performance. The fabricated specimens are tested under different fabric orientation angles, from 0 (warp) to 45 (bias), to illustrate the behaviour of the prestressed composites when subjected to off-axis tensile loading.
Experimental Materials
The type of plain-weave fabric used in this study was E-glass woven roving (EWR600) obtained from Berjaya Bintang Timur Sdn. Bhd. The standard characteristics of fabric are listed in Table 1 . The unsaturated polyester resin and the catalyst were orthophthalic Reversol P 9509 (Revertex, Malaysia Sdn. Bhd.) and Butanox M-50, respectively. The curing catalyst, methyl ethyl ketone peroxide (MEKP), was mixed with the polyester resin at a concentration of 1.3% (volume ratio). The mechanical properties of the used resin are listed in Table 2 .
Method
To get an understanding of what a fibre prestressing methodology means, simple discrete spring elements (excluding any viscous term) can be used to simplify the main concept of the fibre prestressing method. In general, the composite system can be replaced by two spring elements with different stiffness, precisely fibre stiffness (K f ) and matrix stiffness (K m ), connected in a parallel manner (Figure 1) . Usually, the elastic modulus and ultimate tensile strength of the most common synthetic fibres are much larger than those of the most common matrices. 42, 43 Therefore, K f is comparatively greater than K m . Unfortunately, the higher strength characteristic belonging to the fibre is usually not fully exploited after it has been inserted into the matrix to form the composite due to a comparatively lower strength of the matrix material. Therefore, matrices that exhibit relatively lower strain-to-failure characteristics are usually fractured earlier than the fibre when the composite undergoes a tensile deformation. Consequently, it is suitable to transfer a controlled part of the elastic strain, which belongs to the fibre and not exploited in the most composites, into the matrix, but in the opposite direction. Therefore, releasing the stored energy of the pretensioned K f after interconnection with K m , due to the matrix solidification, will induce a compression load within the matrix. The scheme in Figure 1 illustrates the basis of the mentioned approach and its effects on the loaddeflection behaviour of both fibre and the matrix. Clearly, the matrix will gain some compressive prestrain form releasing the preload in the fibre that make it stronger against tensile failure. Therefore, fibre prestressing enhances composite properties as a whole, i.e. the fibres become straighter and the state of residual stress within the matrix is improved against the development (initiation and propagation) of cracks.
In the current work, the manufacturing of a fibre prestressed composite passes through several steps to get the final product. First, a piece of fabric was cut into a quadrilateral shape, and then it was fixed at its perimeter by the clamps positioned in the prestressing frame ( Figure 2) . Second, the tension loading was applied in two perpendicular directions by means of hydraulic jacks with a pressure gauge to measure the exerted load in the principal directions of the fabric. After the hydraulic loading reached the required level, the applied load was transferred to the auxiliary bolts. The main reason for doing so was to bypass any possible problem that may result from the deterioration of the pressure inside the jack owing to the probability of oil leaking with a time. Thereafter, a mould consisting of two identical parts was fixed to the front sides of the fabric. The mould was designed in such a way that it could be detached easily in the demoulding process. The mould was ready to be infused with the resin.
The resin and catalyst were subsequently mixed well in a separate container and transferred inside the closed mould. Another orifice or port, located on the opposite side of the mould, had the role of taking out the excess air inside the mould and monitoring the resin level. The curing conditions of the composite, such as average room temperature and relative humidity, were $28 C and $52%, respectively.
Preparation of samples for tensile testing
A thin strip of composite material with a rectangular cross-sectional area was prepared according to ASTM D3039. 44 Sample dimensions were 250 Â 25 Â 3 mm. All composite samples were manufactured with a single layer of E-glass fabric (600 g/m 2 ) and a polyester resin system as a matrix (1200 kg/m 3 ). The resulting fibre weight fraction of the composite sample was $16%. The composite samples had relatively low values of fibre weight fraction to allow for observing and monitoring damage initiation and progression as the specimen was undergoing a tensile test. Although the fibre weight fraction of the fabricated samples looks relatively low, some advantages can be gained when using one layer of fabric. The most important points are (i) to easily observe and monitor the damage initiation and its development, (ii) easier to handle during the fabrication process (closed moulding), (iii) faster to impregnate the resin, (iv) lower loading capacity requirements to fit with the designed prestressing rig, and (v) the exerted tension loading would be carried by the single fabric layer more uniformly than using multilayers. The relatively low value of fibre content was used in many studied to indicate the effect of fibre prestressing on composite mechanical performance such as 16%, 33 8-16%, 45 3.3-16.6%, 25 3.6-7.2%, 46 3.6%, 47 and 4.5%. 26 Hadi and Ashton 38 mentioned that increasing the fibre content (volume fraction) would increase the compressive residual stress within the matrix after releasing the fibre pretension load; thereby, tensile strength and elastic modulus of the prestressed composites were a function-to-fibre volume fraction. Fazal and Fancey 25 indicated a slight improvement in the absorbed energy (Charpy test) of the viscoelastically prestressed composite samples with increasing the fibre volume ratio.
Five levels of equi-biaxially fabric prestressing (0, 25, 50, 75, and 100 MPa) were investigated (applied load divided by fabric cross sectional area). Samples with different fabric orientation angles are shown in Figure 3 , particularly 0 (warp-direction), 15 , 30 , and 45 (bias-direction) were tested at each prestressing level. Testing was performed using an INSTRON 3382 (with analysis software) at a constant head displacement rate of 2 mm/min. Four composite samples were tested for each case to calculate their average tensile properties. All samples were tested at lab conditions of $26 C and $58% relative humidity.
Results and discussion

Samples with different initial fabric stretching
The patterns shown in Figure 4 represent three cases of a composite manufactured under three different conditions of initial fibre loadings. The first case, shown in Figure 4 (a), represents a composite sample with considerable waviness in the direction of warp yarn. This sample was fabricated without clamping the ends of the fabric during matrix curing, i.e. leaving them free. Therefore, it could be described as unloaded fabric (uncontrolled) composite. In this case, fibre waviness may appear anywhere as in-plane, out-of-plane, and even both. However, when the fabric was preloaded in its weft yarns only, the dominant defects were in the warp yarns. The defects could be seen as a distortion of the filament fibres within the thread in addition to increasing the crimp in the warp yarns (Figure 4b ). This mode of distortion was attributed to the existence of the friction force at the thread crossover sites that led to opening the filaments within the loosened yarn set. Subsequently, the more the stretching in a single principal direction of the fabric, the more the distortion in the corresponding other direction. On the other hand, the previous two modes of distortion could be overcome by clamping the fabric ends at the principal yarn directions and applying very light tension, about 3 N, until all the yarns looked straight, as shown in Figure 4 (c). Applying equi-biaxially pretension in the fabric prior to matrix cure is a good method to overcome the common defects such as fibre waviness and filament distortion. These manufacturing defects are a source of increasing the anisotropy and weakness of the continuous fibre-reinforced composites.
Tensile test analysis of equi-biaxially prestressed samples
To indicate the primary advantage of maintaining the woven fabric yarns as straight and compact as much as possible, such as the ones shown in Figure 4 (c), a tensile test was performed for the three cases that were described in Figure 4 . Table 3 lists the results obtained from the tensile stress-strain curves of the three different cases. Clearly, the results of the fully controlled set indicated higher resistance to develop a crack within the matrix and higher tensile modulus than the other two cases of composite samples. In common with other studies, three mechanisms contribute to improve the composite tensile properties using fibre-prestressing method. First, the prestrained fibres impart some level of their strain to the surrounding matrix but with opposite sign, i.e. compressive strain. 22, 26, 27, [47] [48] [49] [50] [51] [52] [53] This residual compressive strain and the corresponding stress play an important role in delaying the initiation and the opening of microcracks within the matrix structure. Second, increasing the straightness of the fabric yarns means the fibres within the composite can carry the transferred load from the matrix instantly and simultaneously. 24, 48, 50 Last, fibre stretching means increasing its packing density within the yarn. Therefore, increasing the compactness of the yarns could maintain the fabric with little distortions as straight and compact as possible throughout the fabrication processes. 24 The results drawn from this study are generally conformed with the results obtained by Potluri and Thammandra. 40 On the other hand, the standard-mean error of the equi-biaxially loaded case exhibited comparatively a lower value than the other two cases. This behaviour could be attributed to the possibility of the existence of different levels of defects at different locations for each specimen that belongs to unloaded and uniaxially loaded batches. Therefore, the data drawn from the tensile test of the equi-biaxially loaded case exhibited a comparatively lower scatter among the data. Table 4 lists the tensile properties such as the tensile modulus, critical stress, and critical strain of the unprestressed samples tested at different orientations with respect to warp yarn. Figure 5 shows the percentage change in the tensile modulus and the critical stress of the samples prestressed equi-biaxially with different levels and at different fabric orientation angles. The critical stress represents the magnitude of stress at which the composite sample exhibits a first obvious sign of crack appearance or a catastrophic failure occurrence. The percentage changes in the properties were measured relative to unprestressed counterparts. For the prestressing range used in this work, both tensile modulus and critical stress was improved by a range of 10-20% for the composite system considered in this work.
Three mechanisms support the improvement in the composite tensile performance due to increasing of fabric pretension. First, the enhancement in the tensile properties was attributed to the development of the matrix stress state that is responsible for inhibiting the initiation and propagation of cracks. Applying a higher level of fabric prestressing leads to more resistance against crack opening within the matrix in the direction orthogonal to the prestressed yarns. Second, increasing the prestressing of fabric in both the warp and weft directions can increase the contact pressure at crossover sites. 54 This increase in the pressure will lead to a considerable increase in the frictional force between fabric yarns, and hence, increasing the fabric strength against fibre pull-out especially at off-axis deformation. [55] [56] [57] Several studies indicated an increase in the matrix cracking strength of unidirectional fibre/ matrix systems with increasing the interface friction force between the fibre and the matrix. [58] [59] [60] The last mechanism is directly related to the interlacing between the warp and weft yarns within the fabric. Increasing the symmetrical tension in both warp and weft directions will lead to reduce the amplitude of the crimped sites, i.e. increasing flatness.
40 Figure 6 shows the micrograph of the free and the prestressed (50 MPa) samples. The undulation in the fabric belonging to the free sample appeared more than that in the prestressed one. Usually, a plain-weave fabric exhibits a crimped shape over its plane. The crimps, located at the crossover sites, are considered to be the weakest location in the composite due to the concentration of the stresses in the matrix. 61 However, the tensile strength of the woven fabric could increase by reducing the crimp percentage. 62 According to the three reasons stated above, the mechanical properties of a woven fabric composite can be improved by applying equi-biaxially fabric prestressing. By applying equi-biaxial tensile stress of 100 MPa to the fabric used throughout this work, the crimps in the direction of warp and weft were reduced by $39 and $81%, respectively. Therefore, the yarn flattening would increase considerably. On the other hand, increasing the reinforcement flatness due to fibre pretension would lead to increase the fibre volume fraction in a tow. 40 When the fabric is equi-biaxially loaded, the stress in the matrix material along the ridgeline of fibre would decrease due to decreasing the inclination of tow-path. 40 Clearly, the maximum increase in the elastic modulus and the critical stress of all tested batches occurred at a prestressing level of $50 MPa; thereafter, the properties dropped with an increase in the prestressing level. The main reason behind this decline is attributed to the interfacial shear stress limitation. Increasing fibre prestressing is accompanied with increasing the shear stress within the interface layer between fiber and matrix. Subsequently, the separation of fibres from matrix by debonding or fibre pull-out can occur at a comparatively lower external load. 48, 50 Figure 7 shows the effect of fabric prestressing on the limited toughness of composite samples at different fabric orientation angles. Limited toughness can be defined as the energy per unit volume absorbed by composite samples up to their critical stress values. The first sudden drop in the stress is an indication of the onset of failure stage. This amount of limited toughness is more relevant for a reliable design of composite structures than the total tensile toughness. Pang and Fancey 33 used this limited toughness term in estimating the effect of prestressing on the absorbed energy by the viscoelastically prestressed composites, but it was measured at a constant strain limit equal to 25%.
The general behaviour of toughness estimation followed the same trends as the tensile modulus and critical stress did, but the maximum improvement occurred at a level of fabric prestressing $75 MPa. The shifting of the optimum level of prestressing from 50 MPa for tensile modulus and critical stress to a level of $75 MPa for a limited toughness is attributed to the improved deflection behaviour (critical strain) due to existence of a considerable compressive residual strain within the matrix. As is well known, the tensile toughness of any material depends on the value of stress and the corresponding strain. Although there was a decrease in both of tensile modulus and critical stress of the tested samples with prestressing levels greater than 50 MPa ( see Figure 5 ), these samples exhibited an increase in the tensile strain that required to initiate cracks within the matrix and hence more energy was required to begin failure event. Therefore, the percentage increase in the critical strain was mathematically more than the percentage decrease in the corresponding stress.
On the other hand, the nonlinearity in the curves of toughness change increased as increasing the prestress level and fabric orientation angle. Two mechanisms were proposed to explain this behaviour. The first mechanism is related directly to the amount and direction of the compressive residual stresses. Increasing the value of this kind of stress within the matrix will increase the degree of nonlinearity. 6, 22 However, the second mechanism is attributed to the fabric behaviour, where increasing the orientation angle can increase the nonlinearity due to the tendency of inclined yarns in motivating shearing stress existence in addition to the tensile stress. 63 Subsequently, the friction force at the crossover sites will increase and become more effective. 54, 56 As a result, the nonlinearity index would increase.
Conclusions
By performing the tensile test on equi-biaxially prestressed woven fabric composites, the following conclusions can be drawn:
1. Tensile performance (tensile modulus and stress at first matrix fracture) of equi-biaxially loaded fabric composites indicated higher values and lower scattering than unloaded and uniaxially loaded (at angled direction of testing) counterparts. 2. The percentage change in tensile modulus and the critical stress reached their maximum values at a prestressing level of 50 MPa for the material system considered in this paper. In general, the improvements in the tensile modulus and the critical stress for the range of prestressing levels used throughout the work were 10-20% in comparison with unprestressed counterparts. 3. Concerning the limited toughness, two considerable behaviours were noted with increasing fabric prestressing and fabric orientation angle. First, the maximum increase in the limited toughness was occurring at a prestressing level of $75 MPa. Second, the nonlinearity increased with increasing the prestressing level and the fabric orientation with respect to testing load.
The reasons behind this enhancement in the fabric prestressed composite performance are related to (i) the development of the matrix residual stress state after releasing the fibre prestressing loading, (ii) the improvement in the fabric architecture by increasing the straightness of threads, (iii) increasing fibre packing density and the frictional force between the interlacing yarns, and (iv) decreasing the amplitude of the crimps. Subsequently, the tensile properties and limited toughness of prestressed composites have the opportunity to improve, as long as the fibre was prestressed within a suitable range.
